. In addition, the LAR binding domain of Dliprin-␣ both necessary for normal NMJ complexity. Moreover, recovered in our protein interaction screen is 75% identiultrastructural and physiological studies reveal abnorcal to mLiprin-␣ and 68% identical to its C. elegans mal active zone morphology and synaptic function in homolog. Dliprin-␣ and Dlar mutants, suggesting a model where As a first step toward a functional analysis, we examDlar and Liprins cooperate to control the size and shape ined the expression of Dliprin-␣. Using in situ hybridizaof presynaptic protein networks. This study reveals that tion, we observe that Dliprin-␣ mRNA is abundantly exreceptor phosphatase function plays an important role pressed in the embryo, from cellular blastoderm through hatching. A strong signal at early stages (stages 4 and in synaptic morphogenesis. 
5) indicates that there is a substantial maternal contribu-
localizes to both longitudinal and commissural neuropil in stage 16, we noticed that the protein becomes retion of Dliprin-␣. Dliprin-␣ mRNA accumulates at highest levels in the developing central and peripheral nervous stricted to longitudinal neuropil at stage 17 and first instar. Since developing synapses are found primarily systems (CNS and PNS, respectively) and is not detected outside of the CNS and PNS late in embryonic in the longitudinal regions, this raised the question of whether Dliprin-␣ is primarily synaptic in its localization. development (stages 16 and 17; Figure 2) . In situs at the third instar stage also reveal persistent expression of To address this, we examined peripheral motor pathways at larval stages when the NMJ is well formed and Dliprin-␣ in the larval CNS and bodywall muscle (not shown).
distinct from the axon. At this stage, Dliprin-␣ accumulates specifically at the synapse, showing little or no To determine Dliprin-␣ protein localization, polyclonal antibodies were raised and affinity purified. In late stage staining along the axon ( Figures 2D and 2E ). Higher resolution confocal images show that Dliprin-␣ is both embryos (stages 16 and 17), the highest levels of Dliprin-␣ are restricted to the neuropil of the ventral nerve cord presynaptic and postsynaptic (compared to a neuronal membrane marker), often forming puncta at the mem-( Figures 2B and 2C ). This precisely matches the pattern of Dlar protein localization at these stages ( Figure 2F) Figure 3C ). This suggests that J1 is hypomorphic; however, the pattern is also consistent with the perdurance of maternally expressed Dliprin-␣; abundant staining in early embryos (stage 4) supports this theory (data not shown).
To generate stronger mutant alleles, the P element in the F3 line was remobilized. A number of Dliprin-␣ deficiency lines were generated by this method ( Figure  3B ). One line, Dliprin-␣
F3ex15
, was selected for detailed study. DNA sequence analysis shows that Dliprin-␣ F3ex15 retains some of the P element and leaves a small piece of the 5ЈUTR of Dliprin-␣ while the rest of the gene is deleted. Our genomic mapping of this excision shows that the Dliprin-␣ coding region is completely removed in this line; however, in embryos, we still observed traces 4B ; ment was about 40 kb away from Dliprin-␣ at that time, though there is now an EP insertion (EP2141) approxisee legend for quantification). Thus, we find no evidence that zygotic Dliprin-␣ is necessary for motor axons to mately 600 base pairs upstream of Dliprin-␣ ( Figure 3A) .
To generate mutations in Dliprin-␣, P elements from reach their targets, although maternal expression may mask an early function (see Discussion). However, the two separate lines, l(2)k00605 and l(2)k13315, were remobilized (see Experimental Procedures). We recovered absence of axon guidance defects in zygotic Dliprin-␣ mutants afforded us the opportunity to examine the role two independent strains from the l (2) 
(Lnenicka and Keshishian, 2000). The number of boutons
In order to better understand the defects in synaptogenesis, we examined NMJ morphology in Dliprin-␣ muand the branch complexity in the 6/7NMJ at abdominal segments A2 and A3 is highly stereotyped during the tants using confocal microscopy. We noticed that at the tips of wild-type synaptic arbors, a large end bouton is wandering third larval instar stage (e.g., Budnik and frequently surrounded by smaller boutons ( Figure 6A ), Gramates, 1999). When we compared our Dliprin-␣ mupresumably formed by budding of the parent bouton in tants to the genetically matched parental control strains the process of synapse growth (Zito et al., 1999) . In using immunohistochemistry (Figures 4C and 4D ; see contrast, Dliprin-␣ mutant terminals frequently lacked Experimental Procedures), we found a 30%-50% reducthese nascent bouton structures (Dliprin-␣ 1J-0 /Dliprintion in the size of the 6/7NMJ, as assessed by the num-␣ R60 is shown in Figure 6B ). Quantification of these strucber of boutons per NMJ ( Figure 5A ). Both type Ib and tures in wild-type and heterozygous controls, compared type Is boutons were reduced in number. Although more to two different strong Dliprin-␣ mutant combinations, variable than bouton number, branch complexity of the revealed a substantial reduction in the mutants (Figure terminal arbor was also decreased compared to wild-5C). This suggests that Dliprin-␣ is important for the type ( Figure 5B ). In addition, the same phenotype was growth of the synapse through formation of new boutons seen in three Dliprin-␣ loss-of-function combinations at the ends of terminal branches. The reduction in derived from two independent parental strains, ruling branch complexity in Dliprin-␣ mutants is consistent out genetic background effects. Bouton number was with this hypothesis. Despite the reduction of nascent normal in Dliprin-␣/ϩ heterozygotes, demonstrating that boutons, the expression and localization of several synDliprin-␣ is not haploinsufficient. aptic markers are unaffected by the Dliprin-␣ mutations; In order to prove that the reduction in synapse size the markers include the scaffolding protein Discs large was due solely to loss of Dliprin-␣ function, we mobilized (Dlg), the cytoskeletal protein Futsch, and the glutamate the J1 P element insertion and screened by PCR and receptor GluRII (Figures 4E-4J ). DNA sequence for revertants that completely restored the Dliprin-␣ gene. Two precise excision lines were isolated, and anatomical analysis shows that they have Synapse Complexity Is Proportional to Dlar Activity normal bouton numbers and branching complexity at the 6/7NMJ (Figure 5 ). This allows us to conclude that
The function of Dliprin-␣ at the synapse and the late larval expression of Dlar (see above) raised the question Dliprin-␣ is required for normal NMJ development. 
/Dlar
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A2 segments is shown in Figure 7A ). Both type Ib and type Is boutons were reduced, suggesting that both neurons at the 6/7NMJ require Dlar activity, as observed in Dliprin-␣ mutants.
As we examined NMJ morphology in additional Dlar genotypes, we noticed something else: the synapse is very sensitive to the amount of Dlar expressed. Although we expected a null allele of Dlar (Dlar ) provided an opportunity to examine 7J and 7K), the absence of Dliprin-␣ protein prevented NMJ morphology at synapses innervated by the correct the increase in NMJ bouton number observed when Dlar number of motor neurons. To identify the ‫%08ف‬ of larval is overexpressed in a wild-type background (compare segments where axon guidance was unaffected in Dlar Figure 7K to Figures 7H and 7I ). This puts Liprin-␣ genetimutants, we limited our analysis to 6/7NMJs that concally downstream of Dlar, providing evidence that Litained both type Ib and type Is boutons from axons that prin-␣ is required for the normal output of the LAR pathentered the target domain along the correct trajectory way (see Discussion). (indicating that both RP3 and MN6/7b were present). We used antibodies that recognize the synaptic protein
Dliprin-␣ and Dlar Are Both Required to Define Dlg in order to distinguish between the two classes of Active Zone Dimensions boutons (see Experimental Procedures). Examination of
Genetic analysis in C. elegans showed that the Liprin-␣ homolog syd-2 is required to constrain the size bouton number and terminal branch complexity re- 
of cholinergic active zones (AZs) (Zhen and Jin, 1999).
shape ( Figure 8D shows six of the 19 that we reconstructed, from smallest to largest). In contrast, Dliprin-␣ To ask whether this Liprin-␣ function is conserved in Drosophila and whether it generalizes to a glutamatergic AZs fall across a range of sizes from smaller than normal to far greater in size ( Figure 8E shows six of the 21 that synapse, we undertook an analysis of Dliprin-␣ mutant NMJ ultrastructure.
we reconstructed, from smallest to largest). Mutant AZs were always abnormal in either total size (area) or shape; Using conventional transmission electron microscopy, we examined serial sections from six wild-type the mean maximum dimension of mutant AZs (1319 nm) is nearly double that of wild-type (684 nm). Moreover, controls and six Dliprin-␣ ) were examined under the electron microscope pared to precise excision controls ( Figure 9) ; this was highly significant (p Ͻ 0.00001). The resting potential of and six were selected for serial section microscopy. Like the mutant muscle was normal (within Ϯ 5 mV of control). the Dliprin-␣ mutants, overall ultrastructure was normal
The decrease of synaptic transmission in Dliprin-␣ in the Dlar mutants on both presynaptic and postsynapand Dlar mutants was not caused by a postsynaptic tic sides of the NMJ ( Figure 8C ). However, serial recondefect since quantal events (mEJPs) were normal (Figstruction showed that 61% of individual AZs are larger ure 9B). The mean amplitude and the frequency of unithan the largest AZ found in wild-type NMJs ( Figure 8F tary mEJPs in Dliprin-␣ and Dlar larvae also showed shows six of the 23 that we reconstructed, from smallest no significant differences from control (p Ͼ 0.05). This to largest). The mean total area of Dlar AZs is 2.5-fold indicates that the postsynaptic sensitivity to neurotransgreater than found in wild-type ( Figure 8G ), almost idenmitter and the neurotransmitter content of synaptic vesitical to the increase in area found in Dliprin-␣ synapses.
cles are not altered in mutants. However, the normal postsynaptic neurotransmitter reception pointed to a Dliprin-␣ and Dlar Mutants Display Abnormal defect intrinsic to the evoked release process.
Synaptic Physiology
To better quantify mutant synaptic transmission, we To elucidate a potential synaptic function of Dliprin-␣ determined the number of quanta released per stimulus and Dlar, we examined the synaptic physiology of mu- 
